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Abstract 
The article contains the results of studies on the fluorination of rare earth oxides with elemental fluorine, the results of studying 
the kinetics of the fluorination of a rare earth elements mixture under conditions excluding local overheating and external 
diffusion inhibition. A serial metallurgical mixture of rare earth oxides of a cerium subgroup manufactured by Sillamäe Mining 
and Chemical Plant was used as the object of the investigation. The composition and properties of the low-melting fluoride glass 
for immobilization of solid radioactive and toxic wastes are also given in the article. 
© 2014 The Authors. Published by Elsevier B.V. 
Peer-review under responsibility of the National Research Tomsk Polytechnic University. 
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1. Introduction 
When zircon concentrates are subjected to fluoride reprocessing after sublimation distillation of zirconium 
tetrafluoride the unsublimable residues are obtained. These residues contain thorium and valuable rare earth 
elements of the yttrium subgroup, isomorphically included in the zircons.  Fluorides of these elements evaporate at 
temperatures much higher than the sublimation temperature of zirconium tetrafluoride, and therefore they remain in 
the unsublimable residues together with underfluorinated concentrate and corrosion products of fluorinator. 
Depending on the capacity of the plant reprocessing zircon concentrates, qualitative composition of unsublimable 
residues and other factors the question inevitably arises whether it is appropriate to reprocess them or to immobilize 
as radioactive wastes1. 
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When the question of radioactive residues reprocessing after the sublimation distillation of zirconium 
tetrafluoride from fluorinated zirconium concentrate is positively solved, it is required to justify the implementation 
technique of this process.   
Sulfate decomposition of unsublimable residue will allow to obtain anhydrous hydrogen fluoride and a mixture of 
sulfates of REE, scandium and thorium. Using technological methods adopted in reprocessing technology of ore 
concentrates, this mixture can be reprocessed both to individual oxides and to unseparated mixture of rare earth 
oxides.  
To meet the needs of the Russian industry REE are required not only in the form of oxides, but in the form of 
metals, metal alloys and fluorides. Obtaining of anoxic fluorides of REE by fluorination of their oxides with 
hydrogen fluoride demands big amounts of reagent; therefore in the course of this work the investigations on 
fluorination of REE oxides with elemental fluorine were carried out2. 
2. Experimental part and discussion of the results 
Based on the experience of fluorination of oxides of various elements, it is assumed, that the fluorides of rare 
earth elements will be completely fluorinated with elemental fluorine. 
Thermodynamic studies carried out by the methods previously used for fluorination processes of oxide 
compounds of zirconium showed that all of the REE fluorides must be completely fluorinated with elemental 
fluorine at any temperatures above room temperature, as evidenced by the high negative values of Gibbs energy 
(from -2073 to -758 kJ/mol). 
Fluorination kinetics of a mixture of rare earth elements was studied under conditions excluding local 
overheating and external diffusion inhibition. 
A serial metallurgical mixture of rare earth oxides of a cerium subgroup in natural proportion manufactured by 
Sillamäe Mining and Chemical Plant was used as the object of the investigation. The mixture contained, % mass.: 
CeO2 – 50-55; La2O3 – 23-25; Pr6O11 – 6-9 и Nd2O3 – 13-16. The specific surface area was 2.5 m2/g. 
Kinetic studies were carried out under isothermal conditions. For this purpose, a thermogravimetric installation 
with continuous recording of the sample mass was used (Fig. 1). 
The installation allowed to operate under isothermal conditions, both in the atmosphere of pure fluorine, and in 
the atmosphere of a gas mixture fluorine-argon in the temperature range of 20-600 °C. At higher temperature in the 
atmosphere of pure fluorine the nickel parts of a reactor noticeably corroded. Using the sensors installed on a 
fluorination reactor the temperatures of the wall of reactor and test sample, the flow rate of fluorine and argon were 
simultaneously recorded, as well as the changing of test sample mass. The supply of fluorine was controlled by 
changing the current load of electrolyzer and these gas flow rate values were periodically updated using device OM-
10. A control sensor of electrolyte temperature was installed on the electrolyzer. Purification of fluorine from HF 
was carried out in a heated column with an absorber (NaF).  
The reactor consisted of two detachable parts - a cover with a weighing device and a reaction chamber. All 
details of the installation that come into contact with fluorine were made of nickel and copper, they were polished 
and passivated. A nozzle at the bottom of a reaction chamber made of nickel springs provided uniform heating of the 
incoming fluorinating gas to the predetermined temperature and eliminated the flow turbulence. The presence in the 
reaction zone of an additional cup with the same sample and the second thermocouple allowed to control the 
exothermic effects in the test sample simultaneously with weighing of continuously changing mass of the sample. 
The cup for recording of mass change of the sample during fluorination process was made of nickel mesh that 
provided a more extended reaction surface. Initial and final masses of the samples were determined by weighing 
with analytical balance and the current mass change was monitored with a spring balance using indications of self-
recording potentiometer DSR-1 with an accuracy of (±1,5)%. On the basis of formation conditions of a sample 
monomolecular layer and the isothermality of the process, the sample mass was about 150 mg. 
The degree of fluorination of sample weight (α) was determined by: 
 ߙ ൌ ௠೑ି଴Ǥଵ௠೑೗ , (1) 
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where mf – mass (g) of sample weight, reprocessed with fluorine in the given mode; 
mfl – mass (g) of completely fluorinated sample weight at temperature of 240 °C within 0.5 hour. 
 
 
Fig. 1. Installation diagram for thermogravimetric studies on fluorination processes: 1 – electrolyzer; 2,4,10 – thermocouples to record electrolyte 
temperature in the electrolyzer, sorbent in a column and gas in the reactor, respectively; 3 – column with sorbent (NaF); 5 – fluorination reactor; 
6 – nickel filler; 7 – nickel core; 8 – cup with a product; 9 – thermocouple with a cup; 11 – multichannel device to record temperature mode of 
adsorption column and electrolyzer; 12 – temperature recorder; 13 – mass-change recorder (DSR-1); 14 – weighing spring; 15 – measuring 
inductors; 16 – rotameter of argon flow rate to the weighing system; 17 – rotameter of argon flow rate to the reactor; 18 – cylinder with inert gas 
Experiments have shown that the oxide mixture of REE starts fluorination at 150 °C. At that, within 1 hour of 
interaction the fluorination degree does not exceed 10%. At temperature of 240 °C the oxide mixture becomes 
completely fluorinated within 12 minutes. At temperatures above 240 °C a fluorination process is changed into 
combustion and all kinetic curves are merged into a single line. In the temperature range of 160-240 °C with a step 
20 °C the family of kinetic curves shown in Fig. 2 was obtained. 
Kinetic curves are satisfactorily described by the equation of compressible sphere3: 
 ௗఈௗఛ ൌ ܭ଴ ή ߬ሺͳ െ ߙሻ
మ
య,  
where D – fluorination degree; 
W – fluorination time, s; 
K0 – reaction rate constant, s-1. 
In integral form, this equation has the form: 
 ܭ߬ ൌ ͳ െ ሺͳ െ ߙሻభయ. (2) 
Fig. 3 shows a dependency graph of 1-(1-α) 1/3 on the time (t). The slope of the obtained straight lines for each 
temperature to the x-axis is the value of reaction rate constant for the appropriate temperature. 
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Fig. 2. Kinetics of fluorination of oxide mixture of rare earth elements with elemental fluorine 
 
Fig. 3. The correlation of the kinetic data according to the linear equation 
Activation energy E of fluorination process was calculated from the values of the rate constants and the 
Arrhenius equation: 
 ௗ௟௡௄ௗ் ൌ
ா
ோ்మ, (3) 
where Е – activation energy, kJ/mol; 
R – universal gas constant, J/(molK);   
K – reaction rate constant, min-1; 
Т – temperature, K. 
In integral form, equation (3) has the form: 
 ݈݊ܭ ൌ ாோ்మ ൅ ܭ଴, (4) 
where K0 – integration constant which is a reaction constant rate. 
Based on equation (4) we constructed a graph of dependency of ln K on the reciprocal temperature (Fig. 4). 
According to the slope of the obtained straight line to the x-axis we calculated the apparent energy of activation 
which is (64.0±5.0) kJ/mol. The integration constant K0 (reaction rate constant) corresponds to the segment length 
on the y-axis from 0 to its intersection point with the extension of a straight line on the graph. The calculated value 
is equal to 0.147 min-1. 
In order to obtain a mixture of REE fluorides for the study of possibility of their application in the production of 
mischmetal a batch of metallurgical mixture of REE fluorides was fluorinated. 
 A.Ya. Svarovskiy et al. /  Procedia Chemistry  11 ( 2014 )  165 – 170 169
 
Fig. 4. Dependency of the rate constant logarithm on the reciprocal temperature 
Fluorination was carried out on installation shown in Fig. 1, in a horizontal tubular reactor having a fixed bed 
with a thickness up to 50 mm and with a flow rate of fluorine up to 3 kg per hour. The reactor was made from a 
nickel tube with a diameter of 160 mm and a length of 2000 mm and a wall thickness of 6 mm. A nickel 
thermocouple pocket was welded into reactor, so that its end was submerged in the layer of material being 
fluorinated. Temperature in the reactor was monitored by a thermocouple of group XA connected with a secondary 
control device PSR-1. The flow rate of fluorine through the reactor was monitored by a device EPID-1 and regulated 
by a diaphragm valve MIM-1. 
It has been established that the interaction starts without preheating of the mixture, and proceeds with the release 
of large amounts of heat, leading to the melting of resulting fluoride mixture of REE. For this reason, a partially 
fluorinated product was cooled, removed from the reactor, crushed and continued to fluorinate. At this stage a 
reactor with a fluorinated material was heated to 450 °C, and fluorine was passed through it within 1-1.5 hours. 
According to the content of oxygen and other impurities the obtained product surpassed similar serial commercial 
products specified by TS-95-290-74, which is evident from Table 1. 
Table 1. Chemical composition of REE 
Designation of product 
Contents of the components, mas.% 
Σ(REE)F3 CeF4 F CaO SiO2 Fe SO4 + P2O5 
(REE)F3 according to TS 
(Technical 
Specifications) 95.290-74 
97.0 50.4 27.00 2.50 0.50 0.20 1.30 
(REE)F3, obtained in the course 
of investigations 98.9 52.2 31.96 0.67 0.05 0.12 0.02 - 0.10 
 
We performed the experiments on calcium-thermal recovery of the mixture of rare earth metals fluorides 
obtained by the above mentioned method. 80 g of mixed fluoride and 29 g of calcium shavings were charged in a 
crucible lined with anhydrous calcium fluoride, which corresponded to the stoichiometry of their full response. The 
charged crucible was set in a retort with a valve for its evacuation and purging with an inert gas (argon). The retort 
was also provided with internal heat insulation and current leads for connecting the glow coil, initiating the recovery 
process. 
The resulting ingot was of irregular geometric shape with multiple growths and recesses filled with slag. 
According to the chemical analysis, both a selected ingot and metal inclusions in the slag contained not more than 
5% of non-metallic impurities in its composition. This testifies to the incompleteness of segregation processes due to 
the lack of energy of the chemical response under given conditions. This drawback was eliminated by the supply of 
induced energy of high-frequency electromagnetic field to the reacting system. The process was implemented in the 
"cold crucible" on the above described induction installation, which was used for the recovery of zirconium 
tetrafluoride. At that, a well-formed ingot of mischmetal with a mass of 9.5 kg was obtained. REE yield to ingot was 
98.3%. 
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Using the product of complete fluorination of zirconium concentrate (rough ZF4) and unseparated mixtures of 
REE fluorides as raw materials, and according to the composition of known fluoride glasses, using the method of 
experiment planning in combination with experimental studies we have developed   the composition of low-melting 
fluoride glass suitable for the immobilization of solid radioactive and toxic wastes.  
The dissolution rate of this glass in distilled water was 1.6∙10–6 g/(cm2∙day), and the melting temperature was 
350 °C. 
The glass contained the following ingredients: % mass.: 
x barium difluoride – 32; 
x aluminum trifluoride – 4; 
x mixture of REE fluorides with natural proportion of elements – 6; 
x zirconium tetrafluoride rough – 58. 
The method of immobilization of solid radioactive and toxic wastes using this glass was patented3. 
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